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It is currently unknown why glutamatergic presynaptic terminals express multiple types of glutamate
receptors. We have addressed this question by studying both acute and long-term regulation of mossy
fibre function in the hippocampus. We find that inhibition of both mGlu1 and mGlu5 receptors together
can block the induction of mossy fibre LTP. Furthermore, mossy fibre LTP can be induced by the
pharmacological activation of either mGlu1 or mGlu5 receptors, provided that kainate receptors are also
stimulated. Like conventional mossy fibre LTP, chemically-induced mossy fibre LTP (chem-LTPm)
dependsonCa
21releasefromintracellularstoresandtheactivationofPKA.Similarsynergisticinteractions
between mGlu receptors and kainate receptors were observed at the level of Ca
21 signalling in individual
giant mossy fibre boutons. Thus three distinct glutamate receptors interact, in both an AND and OR gate
fashion, to regulate both immediate and long-term presynaptic function in the brain.
T
he most extensively studied form of synaptic plasticity in the CNS is long-term potentiation (LTP) of
glutamatergic synaptic transmission in the hippocampus
1. Two distinct forms of LTP have been described
inthevertebrateCNS,basedonwhethertheirinductiondoes
2ordoesnot
3requirethesynapticactivationof
N-methyl-D-aspartate (NMDA) receptors. The best characterised form of NMDA receptor-independent LTP is
atmossyfibresynapsesinthehippocampus.However,considerablecontroversystillsurroundsthemechanismof
inductionofthisformofLTP.OriginallyitwasbelievedthattheinductionofmossyfibreLTPwasindependentof
the activationofionotropic glutamatereceptors
4. However, itwas thenfound thatmetabotropicglutamate(mGlu)
receptors (mGluRs) are involved in the induction of mossy fibre LTP
5–9, although not invariably so
10,11.
Subsequently, a role for kainate receptors (KARs) in the induction of mossy fibre LTP was identified
12–17.
These findings raise several fundamental questions. First, what are the subtypes of mGluRs and KARs that are
involved in mossy fibre LTP? Second, is activation of these subtypes, either in isolation or in combination,
sufficient to induce mossy fibre LTP or is the activation of other receptors also required? Third, since mossy
fibre LTP is generally believed to be induced presynaptically, does the activation of mGluRs and KARs regulate
Ca
21 signalling in mossy fibre boutons and, if so, how do they interact? To address these issues we have, firstly,
studied mossy fibre LTP in a slice preparation in which we have previously identified roles for mGluRs
5 and
KARs
12 and, secondly, studied Ca
21 signalling in individual mossy fibres, using 2-photon microscopy, as
described previously
18,19.
We demonstrate that activation of group I mGluRs is required for the induction of mossy fibre LTP.
Surprisingly, however, either mGlu1 or mGlu5 receptors can serve this role, since antagonism of both subtypes
together is required for inhibition of LTP.This is a rareexample of two subtypes playing interchangeable roles in
theregulationofsynapticfunction.However,activationofgroupImGluRswasnotsufficientfortheinductionof
LTP suggesting that additional receptors may need to be co-activated. Interestingly, if either mGlu1 or mGlu5
receptorsareactivatedinconjunctionwithKARs,usingtheGluK1selectiveagonistATPA,thenarobustformof
LTP is induced. This novel form of chem-LTP can be completely prevented by depletion of Ca
21 stores with
ryanodine.Significantly,theseeffectsweremirroredbyasimilarregulationofCa
21inindividualmossyfibregiant
boutons.Thus,inhibitionofeithergroupImGluRsorKARsreducedtheCa
21transientevokedbyabrieftrainof
action potentials evoked in a granule cell. Furthermore, co-activation of group I mGluRs and KARs resulted in a
long-term regulation of Ca
21 in mossy fibre boutons, manifested both as a broadening of the action potential-
evoked Ca
21 transient and an elevation in basal Ca
21, effects that were prevented by ryanodine. The observation
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ving activation of KARs AND either mGlu1 OR mGlu5 receptors) in
twoaspectsofmossyfibrefunction(LTPandCa
21signallingingiant
boutons) suggests a causal relationship between these two effects.
We therefore propose that one form of mossy fibre LTP involves a
persistent regulation of Ca
21 signalling in giant mossy fibre boutons
and that this is triggered by the simultaneous activation of mGluRs
and KARs.
Results
Antagonism of both mGlu1 and mGlu5 receptors is required to
block the induction of mossy fibre LTP. MCPG (a-methyl-4-car-
boxyphenylglycine) is a broad spectrum mGlu receptor antagonist
which is roughly equipotent at mGlu1, mGlu2, mGlu3, mGlu5 and
mGlu8 receptors
20. Previously we reported that, at a concentration
of 200 mM, (S)-MCPG can fully block the induction of NMDA
receptor-independent LTP in the CA3 region of rat hippocampal
Figure 1 | Antagonism of both mGlu1 and mGlu5 receptors inhibits the induction of mossy fibre LTP. (a) The graph represents pooled data from
4 experiments to show that MCPG (200 mM) always blocked the induction of LTP (100 Hz, 1 s) in a reversible manner. In these, and subsequent
experiments, D-AP5 (50 mM) was always present during each tetanus to ensure that only NMDA receptor-independent LTP was studied. Bars indicate the
exposuretimetovariouscompounds.InsetsatthetoparerepresentativefEPSPstakenattheindicatedtimeontheplot.(b)Pooleddatafrom4experiments
showing the lack of effect of the selective mGlu1 antagonist LY367385 (30 mM) [left panel] and mGlu5 antagonist MPEP (30 mM) [right panel]. (c) Pooled
data from 4 experiments showing reversible block of the induction of mossy fibre LTP by co-application of LY367385 (3 mM) plus MPEP (3 mM).
www.nature.com/scientificreports
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5. The ability of MCPG to block the induction of mossy fibre
LTP has been verified in some
7,21 but not all
11 subsequent investi-
gations. Here we confirm that, in the presence of 200 mM (S)-MCPG
(and 50 mM D-AP5 to additionally block NMDA receptors), high
frequency stimulation (100 pulses at 100 Hz, test intensity) consis-
tently failed to induce LTP (60 min post-induction: 103 6 3%;
P . 0.05). Following a 60 min washout period, the same induction
protocol then induced LTP of mossy fibre responses (147 6 9%;
n 5 4; P , 0.005; Fig. 1a).
ToinvestigatethemGlureceptorsubtype(s)involvedintheinduc-
tion of mossy fibre LTP we used an mGlu1 selective antagonist,
LY367385 and an mGlu5 selective antagonist, MPEP. Neither com-
pound affected the induction of LTP even when applied at high
concentrations (30 mM), well in excess of that required to block their
respective receptors. Thus, the respective levels of LTP induced
under these conditions were 149 6 7%; n 5 4 and 136 6 6%;
n 5 4, respectively (Fig. 1b). Since MCPG is able to block both
mGlu1 and mGlu5 receptors we tested a combination of LY367385
and MPEP, to selectively block just these two subtypes. We found
that this combination fully blocked the induction of LTP, even
when the antagonists were both applied at 3 mM, a ten-fold lower
concentration that that which was ineffective when each was
applied alone (60 min post-induction: 103 6 3%; following a
60 min washout 140 6 7%; n 5 4; P , 0.005; Fig. 1c). These results
show that mossy fibre LTP requires activation of either mGlu1 or
mGlu5receptors, suchthatinhibitionofbothisrequiredtoblock the
induction of LTP.
Synergistic interaction between group I mGlu receptors and kai-
nate receptors can induce synaptic potentiation at mossy fibres.
We wondered whether activation of mGlu receptors was not only
necessary but also sufficient for mossy fibre LTP. We therefore
applied the group I selective agonist DHPG to see if we could induce
LTP. We found that 3 mM DHPG had no effect (Fig. 2a), whilst
higher concentrations resulted in a transient depression of synaptic
transmission (data not shown). These observations suggest that
activationofgroupImGluRsisnotsufficienttoinduceLTPatmossy
fibre synapses.
Previously, we have reported that mossy fibre LTP can also be
blocked by KAR antagonists, including those that selectively target
theGluK1subtype
18,19,22,23.We thereforeattempted toinduceLTPby
the co-application of DHPG with the GluK1 selective agonist
ATPA
24. ATPA (1 mM) applied alone had no effect (Fig. 2a).
However, the co-application of ATPA (1 mM) and DHPG (3 mM)
elicited a robust long-lasting potentiation (140 6 10%; n 5 5;
P,0.005;Fig.2a),whichwehavetermedchemically-inducedmossy
fibre LTP (chem-LTPm).
The finding that it was necessary to block both mGlu1 and mGlu5
receptors to prevent the induction of mossy fibre LTP suggests that
activation of either group I mGlu receptor subtype alone may be
Figure 2 | Chemically-induced mossy fibre LTP. (a)Pooled datafrom 5experiments showingthat co-application ofATPA (1 mM) plusDHPG (3mM),
butneither agonist alone, induces apotentiation ofmossy fibre synaptictransmission. Inthese andsubsequent experiments D-AP5 (50 mM)waspresent
throughout. Insets at the top are representative EPSPs taken at the indicated time on the plot. (b) Chem-LTPm can be induced by activation of GluK1-
containingKARsplusactivationofeithermGlu1receptorsubtype.Bothpanelsillustratepooleddatafrom4experimentsthatshowsynapticpotentiation
induced by ATPA (1 mM) plus DHPG (3 mM), in the presence of MPEP (30 mM) (left panel) or in the presence of LY367385 (30 mM) (right panel).
www.nature.com/scientificreports
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containing KARs. We therefore applied ATPA, to activate GluK1,
plus DHPG either in the presence of MPEP (to selectively activate
mGlu1) or in the presence of LY367385 (to selectively activate
mGlu5) and found that either treatment was sufficient to induce
synaptic potentiation (135 6 5%; n 5 4; P , 0.005 and 134 6 5%;
n54;P,0.005,respectively;Fig.2b).Thereforeitcanbeconcluded
that activation of KARs AND [mGlu1 OR mGlu5 receptors] is suf-
ficient for the induction of chem-LTPm.
To establish whether chem-LTPm shared similar mechanism as
synaptically-induced mossy fibre LTP we tested its sensitivity to
KT5720, to inhibit PKA, and ryanodine, to inhibit Ca
21 stores, since
these agents are known to block synaptically-induced mossy fibre
LTP
25,26. Both treatments fully blocked chem-LTPm in a reversible
manner (3 mM KT5720: 103 6 2%, n 5 4; Fig. 3a; 10 mM ryanodine:
103 6 3%; n 5 4; Fig. 3b).
Mossy fibre LTP is widely believed to be both induced and
expressed presynaptically. Therefore, to home in on the cellular
mechanisms engaged at single presynaptic terminals we used a tech-
niquethatallowscalciumsignallingtobeimagedinindividualmossy
fibre boutons
18,19. Single granule cells were loaded with both a mor-
phological marker (Alexa 594) and a Ca
21 sensitive dye (Fluo-4) to
enable the mossy fibre axon to be traced into the CA3 region and the
regulationofCa
21signallingbyglutamatereceptorstobeunambigu-
ously studied in single mossy fibre boutons (Fig. 4a and 4b). Five
action potentials evoked in the granule cell at 20 Hz resulted in a
readily discernible Ca
21 transient in the giant bouton (Fig. 4a). The
GluK1-selectivecompoundLY382884(10mM)significantlyreduced
calcium entry into presynaptic terminals (peak DF/F was reduced to
7061%;n53;Fig.4c).Thisfindingisconsistentwithpreviousdata
obtained in younger animals using a different KAR antagonist,
ACET
19. Co-application of MPEP (3 mM) and LY367385 (3 mM) to
antagonise both mGlu1 and mGlu5 receptors also decreased calcium
entryintoindividualpresynapticboutons(peakDF/Fwasreducedto
64 6 7%; n 5 4; Fig. 4d). The effect of these antagonists was most
pronouncedontheCa
21transientsevokedbythelatteractionpoten-
tials within the train. This, as well as the magnitude of the effects, are
entirely consistent with previous studies
18,19and probably reflect the
autoreceptor function of these receptors
26.
Theclosecorrelation betweentheabilityoftheglutamatereceptor
antagonists toblock the induction of mossy fibre LTPand to depress
acomponentoftheCa
21transientinmossyfibreboutons,evokedby
action potentials elicited in granule cells, suggests that these two
processes are causally linked. In which case, it follows that chem-
LTPm might be associated with alterations in mossy fibre Ca
21 sig-
nalling. To address this issue, single action potentials were evoked at
a frequency of 0.033Hz (Fig. 5a) and then ATPA (1 mM) and DHPG
(3 mM) were co-applied at a concentration that elicits chem-LTPm
(Fig.5c).Thistreatmenthadtwoeffects:itinducedasustainedrisein
intracellular calcium (basal calcium increase: 99 6 10%; n 5 3;
Fig 5d) and resulted in a broader Ca
21 transient in response to single
action potentials (Fig. 5c).
In interleaved experiments, we applied ryanodine (10 mM) and
this prevented both effects. Co-application of ATPA and DHPG in
the presence of ryanodine did not alter basal calcium levels (basal
calcium was 115 6 6%; n 5 3; Fig. 6b) neither did it affect the rate of
decay of the calcium transient (Fig. 6d). However, when ryanodine
was washed out and DHPG plus ATPA were re-applied, the effects
wereagainobserved.Thechem-LTPmprotocolincreasedbasalCa
21
(150 6 7%; n 5 3; Fig. 6c) following washout of ryanodine , and the
rate of decay of fluorescence transients was slower compared to
control conditions. The signal remaining at t* (1.4 s after peak)
was 17 6 3% in the presence of ATPA1DHPG compared to
44 6 5% in control conditions (Fig. 6d ). Therefore, the changes in
Figure 3 | Properties of chem-LTPm. (a) Chem-LTPm involves activation of PKA. Pooled data from 4 experiments to illustrate that KT5720 (3 mM)
reversibly inhibits synaptic potentiation induced by ATPA (1 mM) plus DHPG (3 mM). (b) Chem-LTPm involves Ca
21 release from intracellular stores.
Pooleddatafrom4experimentstoillustratethatryanodine(10mM)reversiblyinhibitssynapticpotentiationinducedbyATPA(1mM)plusDHPG(3mM).
www.nature.com/scientificreports
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21 were not linked to the duration of recording but were specifi-
cally associated with the activation of KARs and mGlu receptors and
were dependent upon Ca
21 release from intracellular stores.
These results demonstrate that GluK1-containing KARs can act
togetherwithgroupImGlureceptorstomodulatecalciumsignalling
within individual giant mossy fibre boutons. The schematic pre-
sented in Fig. 7 illustrates the proposed mechanisms underlying
induction of mossy fibre LTP. Synaptically-released glutamate acts
on three different types of presynaptic glutamate receptor that oper-
ate both in an AND gate and OR gate fashion. Activation of GluK1-
containing KARs results in Ca
21 entry via these receptors whereas
activation of mGlu1 and mGlu5 receptors leads to the production of
IP3.C a
21 sensitises IP3 receptors to enable IP3 to trigger Ca
21 release
from intracellular stores, which then activates PKA, presumably via
Ca
21-sensitive adenylyl cyclase.
Discussion
In the present study we have made the unexpected discovery that
mossy fibre LTP requires activation of both a group I mGlu receptor
and a KAR. With respect to the mGlu receptorsubtype, activation of
either mGlu1 or mGlu5 is sufficient. Consequently selective inhibi-
tion of either subtype alone does not affect mossy fibre LTP. With
respect to the KAR, we can conclude on the basis of previous work
thatthiscontainstheGluK1subtype
12,14.Herewehavedemonstrated
Figure 4 | Both GluK1-containing KARs and group I mGlu receptors regulate Ca
21 signalling at individual mossy fibre boutons. (a) Schematic
illustration of technique (see methods for details) and typical fluorescence transient evoked by delivering a train of action potentials (5 at 20 Hz).
(b) Representative single mossy fibre traced into CA3. Giant mossy fibre boutons were identified by their characteristic size (3 – 8 mm) and filopodial
extensions. (c)Typical fluorescence transients recordedinlinescanningmode before (black) andafter (green) applicationofLY382884(10mM).Graph:
Representative cell (red) and pooled data (blue). (d) Typical fluorescence transients recorded in line scanning mode before (black) and after (green) co-
application of LY367385 (3 mM) and MPEP (3 mM). Graph: Representative cell (red) and pooled data (blue).
www.nature.com/scientificreports
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ATPA
24, together activation of a group I mGlu receptor is sufficient
toinduce astablesynaptic potentiation. Thischem-LTPmresembles
conventional mossy fibre LTP in that it requires activation of PKA
25
and also involves ryanodine-sensitive Ca
21 stores
26. The simplest
explanationisthatactivationofthesetworeceptorsaloneissufficient
to induce mossy fibre LTP.
There is controversy regarding the role of mGlu receptors in
mossy fibre LTP. We and others have reported that MCPG blocks
its induction
5,7,27 whereas others have reported no effect
11. Hitherto
the identity of the subtype(s) of mGlu receptor involved in mossy
fibre LTP was unknown. Here we identify a role of the group I
subtype, which can account for the effects of MCPG. A surprising
observation is that the induction of mossy fibre LTP was fully
blocked by the combination of a selective mGlu1 and a selective
mGlu5 receptor antagonist, whilst blockade of either receptor alone
(using aten-fold higher concentration of antagonist) wasineffective.
The failure of either antagonist alone to block mossy fibre LTP is
consistent with studies using mGlu1
11 and mGlu5
28 knockouts. The
finding that the antagonists applied together are effective demon-
strates that, firstly, during the induction of mossy fibre LTP both
mGlu1andmGlu5receptorsareactivatedsynapticallyand,secondly,
thatactivationofeitheronealoneissufficientforthemGlureceptor-
mediatedsignallingeventthatisrequiredforinduction.Whyasingle
presynaptic structure expresses two subtypes of a receptor that can
each individually serve the same function isunknown. However, it is
likely that under certain conditions both mGlu receptor subtypes
may be required, since a partial impairment of mossy fibre LTP
was observed in one study using mGlu1 receptor knockout mice
29.
The controversy surrounding the role of mGlu receptors is
paralleled with a controversy surrounding the role of KAR, particu-
larly those containing the GluK1 subunit, in mossy fibre LTP. We
have reported that a series of GluK1-selective antagonists, including
LY382884
12, UBP296
22, 44a
23, later named UBP302
30 and ACET
19,
inhibit the induction of mossy fibre LTP and that there is a strong
correlationbetweenthepotencyofcompoundsasGluK1antagonists
and as inhibitors of mossy fibre LTP over a 100,000-fold concentra-
tion range
31. Thus, it is highly unlikely that off target effects can
account for the actions of these GluK1 antagonists as blockers of
mossy fibre LTP. On the other hand, studies from knockout mice
implicate a role for GluK2 and GluK3 –containing KARs but not
GluK1-containing KARs
13,17. This might be explained in part by
functional compensation for thelack of GluK1 receptorsthroughout
development
26,32 and by the involvement of KARs comprising
heteromeric assemblies containing GluK1 and other subunits, such
as GluK2 and GluK3. However this is unlikely to be the entire
explanation. For example, Breustedt & Schmitz (2004) failed to
identify a functional role for GluK1 at CA3 synapses, using the
GluK1 subunit selective antagonist LY382884.
It has been shown that the recording conditions may also deter-
mine the involvement of GluK1-containing KARs in mossy fibre
LTP. In particular, while LY382884 invariably blocked LTP in a
physiological Ca
21 concentration (2 mM) it consistently failed to
block LTP in an elevated Ca
21 concentration (4 mM), due to the
existence of a parallel pathway involving L-type voltage-gated Ca
21
channels that was engaged when high Ca
21 solutions were
employed
26. Whether a similar compensation accounts for the lack
ofeffectofMCPGinsomepreviousstudiesisnotknown,thoughitis
noteworthy that an elevated Ca
21 concentration was used in these
negative studies
10. However, this cannot be the only explanation,
at least for the differences in the involvement of KARs, since in
one study mossy fibre LTP was insensitive to LY382884 even in
2m MC a
2116.
An explanation to reconcile these differences is that there are
multiple forms of mossy fibre LTP, with different induction pro-
perties. This is not an unlikely scenario. It has already been demon-
strated that there are multiple forms of plasticity made between
mossy fibres and inhibitory interneurons, which comprise the major
targets numerically
33-35. The properties that we observe for mossy
fibre LTP, notably a role for Ca
21-induced Ca
21 release
26 and
GluK1-containing KARs
12,19,22,23, is paralleled by properties of syn-
aptic facilitation that we observed at these same synapses
14,26. The
Figure 5 | Chem-LTPm is associated with changes in bouton Ca
21 signalling. (a) Schematic of technique: single action potentials were evoked in
patched granule cells every 30 s. (b) A representative axon from this set of experiments. (c) Representative fluorescence transients and corresponding
traces(averagesof10successivelinescans)before(t,80 minafterobtainingawholecellrecording)andafterco-applicationofATPA(1mM)andDHPG
(3 mM) (t , 100 min). White scale bar 5 100 ms. (d) Quantified changes in basal calcium following the chem-LTPm protocol: representative bouton
(red) and pooled data (blue).
www.nature.com/scientificreports
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made onto CA3 pyramidal neurons was confirmed by direct mea-
surementsfrommossyfibreboutons.Thus,itwasshownthatinhibi-
tion of either Ca
21 stores
18 or GluK1-containing KARs
19,36 reduced
Ca
21 transient during synaptic facilitation and that this effect was
observed at the giant mossy fibre synapses made onto pyramidal
neurons but not the filipodia synapses made with interneurons
18,36.
Therefore, we propose that the mechanism we describe is restricted
toone presynapticstructure,thegiantmossyfibre synapse, bywhich
the principal cells within the dentate gyrus and CA3 region of the
hippocampus communicate.
Having found that activation of either group I mGlu receptors or
GluK1-containingKARsisnecessaryformossyfibreLTPwewanted
todeterminewhetheractivationofeitheralone,orbothtogether,was
sufficient to induce mossy fibre LTP, or whether additional factors
are also required. The finding that activation of either mGlu1 or
mGlu5 could induce LTP provided that GluK1-containing KARs
were co-activated suggests that these two receptor systems are suf-
ficient for the induction of mossy fibre LTP. Thus, whilst other
neurotransmitter systems may well be able to modulate mossy fibre
LTP
37,38, L-glutamate acting via one type of metabotropic plus one
type of ionotropic glutamate receptor probably represents the prim-
ary trigger for the process.
The mechanisms underlying the induction of mossy fibre LTP
are highly controversial. Differences in the results from various
laboratoriesaregenerally attributedtodifferent pathwaysbeingacti-
vated, which is a possible scenario given the extensive network of
recurrent collaterals within the CA3 region of the hippocampus
39.
We tried to maximise our chances of recording the mossy fibre
connection made between dentate gyrus granule cells and CA3 pyr-
amidal neurons by stimulating within the hilus of the dentate gyrus
and using stimulus intensity subthreshold for generating significant
firing in the CA3 region. Our findings made several predictions
about the properties of giant fibre boutons; namely that they should
Figure 6 | Evidence for a role of bouton calcium stores in chem-LTPm. (a) A representative experiment showing fluorescence transients in control
conditions (t , 70 min), following the chem-LTPm protocol in the presence of ryanodine (10 mM) (t , 80 min), following washout of ryanodine
(t , 115 min) and after re-application of ATPA 1 DHPG (t , 135 min). (b) The chem-LTPm protocol did not significantly affect basal Ca
21 in the
presence of ryanodine. (c) The chem-LTPm protocol increased basal Ca
21 following washout of ryanodine. (d) Rate of decay of fluorescence transients.
(e) Representative cell from this set of experiments.
www.nature.com/scientificreports
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I mGlu receptors and ryanodine-sensitive Ca
21 stores. By filling
individual granule cells with a morphological marker and a Ca
21
indicator it is possible to make measurements of Ca
21 within iden-
tifiedmossyfibre boutons
18.Asdescribed above, usingthisapproach
it has been shown that mossy fibre giant boutons that synapses
onto pyramidal neurons, but not the smaller connections onto inter-
neurons,doindeedpossessGluK1-containing KARsandryanodine-
sensitive Ca
21 stores
18,36. In the present study we have extended this
work to show that Ca
21signalling in these terminals is also regulated
by group I mGlu receptors and that all three receptors classes (kai-
nate, mGlu and ryanodine) regulate Ca
21 signalling in the giant
mossy fibre boutons in slices from young adult rats. This regulation
is fully consistent with their predicted role in mossy fibre LTP.
Indeed, whilst always possible to construct alternative scenarios,
any other explanation for these findings seems highly unlikely.
So why are two types of receptor required for this process? We
speculatedthatthisisbecausegroupImGlureceptorsarerequiredto
generate IP3 and GluK1-containing KARs to provide a Ca
21 signal,
which act synergistically to release Ca
21 from intracellular stores
within presynaptic terminals (Fig. 7). Thus, both Ca
21 facilitation
and LTP at mossy fibre synapses have an unusual induction mech-
anisminvolvingthreedistinctglutamatereceptorsubtypesthatoper-
ate both in an AND gate and OR gate fashion. Our Ca
21 imaging
results suggest further that activation of this receptor combination
results in a persistent rise in Ca
21 in mossy fibre boutons. This
persistent increase may be caused by a corresponding depolarisation
of the terminals, as suggested by an alteration in the ability of pot-
assium to depolarise mossy fibre boutons following the induction of
LTP
14,40,41. The increase in terminal Ca
21 could then enable sub-
sequent action potentials to trigger more neurotransmitter release,
a mechanism entirely consistent with the general observation that
mossy fibre LTP is due to an increase in probability of release.
Methods
Preparationofhippocampalbrainslices.Allanimalexperimentswerecarriedoutin
accordance with the UK Scientific Procedures Act, 1986 and associated guidelines.
Animals were housed in a regulated environment (21 6 1 uC) with a 12 h light dark
cycle, and food was available ad libitum. P28-35 female wistar rats, killed by cervical
dislocation, wereusedforboth fieldrecordingand calciumimagingexperiments.For
the field recordings, experiments were performed on parasagittal hippocampal slices
(400 mm) using standard techniques
26. Tissue was cut in ice-cold artificial cere-
brospinal fluid (aCSF) containing (mM): NaCl (124), D-glucose (10), NaHCO3 (26),
KCl (3), NaH2PO4 (1.25), CaCl2 (2) and MgSO4 (1) saturated with 95% O2 and 5%
CO2. After a recovery period of approximately 60 min, slices were transferred to an
interfacerecordingchamber,maintainedat29–31uCandperfusedwithaCSFatarate
of ,2 ml/min. For the 2-photon calcium imaging experiments, 400–500 mm slices
were prepared using a method that involves isolating the hippocampi and cutting
transverse slices at a slight angle (,20u) to optimise the presence of intact mossy
fibres
18. Slices were cut in ‘high-magnesium’ aCSF and warmed to aid recovery as
described previously
19.
In vitro extracellular recordings. Field potential recordings were made using
microelectrodescontaining4MNaCl.Synapticresponseswereevokedbystimulation
of the dentate granule cell layer (mossy fibre pathway) at 0.033 Hz. The presence of
synaptic facilitation was established at the beginning of the experiment to confirm
that responses were mossy fibre in origin
14, and stimulation intensity was adjusted so
that basal fEPSP amplitude was 30 – 40% of maximum. LTP was induced in the
presence of D-AP5 (50 mM) by delivering a single tetanus (100 Hz, 1 s) or by using a
chemical LTP protocol. Data were collected and analysed on-line using the LTP
program:www.ltp-program.com
42.Dataareexpressedasmean6s.e.m.Alldatawere
normalised to the baseline preceding any drug application and statistical significance
was assessed using the Student’s t-test. All compounds were obtained from Tocris
Cookson (Bristol, UK).
2-photon microscopy and pre-synaptic calcium imaging. Simultaneous 2-photon
excitation fluorescence imaging and whole-cell current-clamp electrophysiology
experiments were performed as described previously
19. Briefly, individual dentate
granulecells,heldat-80 mV, werepatch-loadedwithamorphologicalmarker, Alexa
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